A comprehensive knowledge of mechanisms regulating nitrogen use efficiency (NUE) is required to reduce excessive input of nitrogen (N) fertilizers while maintaining acceptable crop yields under limited nitrogen supply. Studying plant species which are naturally adapted to low nitrogen conditions could facilitate identification of novel regulatory genes conferring better NUE. Here we show that Thellungiella halophila, a halophytic relative of Arabidopsis thaliana grows better than Arabidopsis under moderate (1 mM nitrate) and severe (0.4 mM nitrate) N-limiting conditions. Thellungiella exhibited a lower carbon to nitrogen ratio than Arabidopsis under N-limitation which was due to Thellungiella plants possessing higher nitrogen content, total amino acids, total soluble protein and lower starch content compared to Arabidopsis. Furthermore, Thellungiella had higher amounts of several metabolites such as soluble sugars and organic acids under N-sufficient conditions (4 mM nitrate). Nitrate reductase activity and NR2 gene expression in Thellungiella displayed less of a reduction in response to N-limitation than in Arabidopsis. Thellungiella shoot GS1 expression was more induced by low-N than in Arabidopsis, while in roots,
Thellungiella GS2 expression was maintained under N-limitation whereas it decreased in
Arabidopsis. Up-regulation of NRT2.1 and NRT3.1 expression was higher and repression of
NRT1.1 was lower in Thellungiella roots under N-limiting conditions compared to
Arabidopsis. Differential transporter gene expression was correlated with higher nitrate influx in Thellungiella at low 15 NO 3 -supply. Taken together, our results suggest that Nitrogen (N) is an essential macronutrient required in large quantities by plants to achieve optimal growth and development (Marschner, 1995) . As such, nitrogen is a major limiting factor for crop growth (Diaz et al., 2006; Lea and Azevedo, 2006) . During the past five decades, global nitrogen fertilizer applications have increased by 20-fold with the present rate at ~10 11 kg per annum (Glass, 2003) . However, crop plants are able to utilize only 30-40% of this applied nitrogen (Raun and Johnson, 1999) ; the remaining nitrogen is lost by leaching, denitrification, volatilization, soil erosion and microbial consumption. All these factors increase crop production costs as well as nitrogen pollution in the environment (Good et al., 2004) . To overcome these problems, there is an urgent need for improving the nitrogen use efficiency (NUE) of crop plants by (i) increasing nitrogen uptake efficiency; (ii) increasing nitrogen utilization efficiency and (iii) enhancing the adaptability of crops to N-limited conditions. In recent years, considerable efforts have been made to identify different genes involved in nitrogen transport and metabolism (Lea and Azevedo, 2006; Hirel et al., 2007) . However, little is known about the molecular mechanisms regulating the adaptability of plants to N-limitation (Peng et al., 2007a) .
Several physiological and biochemical changes occur in plants as adaptive responses
to N-limitation that include an increase in nitrogen uptake by high affinity transporters, remobilization of nitrogen from older to younger leaves and reproductive parts, retardation of growth and photosynthesis, and increased anthocyanin accumulation (BongueBartelsman and Philips, 1995; Ono et al., 1996; Chalker-Scott, 1999; Ding et al., 2005; Diaz et al., 2006; Peng et al., 2007a Peng et al., , 2007b . In Arabidopsis, expression of nitrate transporter genes involved in nitrate uptake (NRT1.1, NRT1.2, NRT2.1, and NRT2.2) is induced or repressed depending upon nitrate availability (Lejay et al., 1999; Zhuo et al., 1999; Cerezo et al., 2001; Okamoto et al., 2003; Orsel et al., 2004; Krouk et al., 2006; Li et al., 2007) . In addition, autophagy (APG) proteins are thought to play an important role in recycling of nitrogen and other nutrients in Arabidopsis under nutrient-limited conditions (Doelling et al., 2002) . Recently, the NLA (Nitrogen Limitation Adaptation) gene has been identified as a positive regulator of Arabidopsis adaptation to low nitrogen (Peng et al., 2007a) . Notably, most of these genes have been identified in Arabidopsis, whose growth is retarded under limited nitrogen availability (Martin et al., 2002; Bi et al., 2007; Peng et al., 2007a Peng et al., , 2007b . A complementary approach would be to unravel the molecular mechanisms in plant species that are naturally adapted to N-limitation. However, it has so far not been easy to work with plant species that survive well under low nitrogen because of their genetic complexity and the lack of molecular and genetic tools for these plants. For example, modern maize hybrids and wheat cultivars can grow better and produce higher yield than older lines under limited nitrogen conditions (McCullough et al., 1994; OrtizMonasterio et al., 1997; Ding et al., 2005) . However, little is known about the molecular mechanisms leading to higher NUE in these newer maize hybrids and wheat cultivars.
Information on components of higher nitrogen uptake in any plant species would be useful for improving nitrogen uptake in crop plants (Hirel et al., 2007) . Thus, there is a need for a model plant that is tolerant to nitrogen stress conditions that would facilitate investigation of the molecular mechanisms regulating adaptation to low nitrogen and which may confer an improved NUE.
Thellungiella halophila (also know as T. salsuginea) has emerged as a new model plant for molecular elucidation of abiotic stress tolerance (Inan et al., 2004; Amtmann et al., 2005; Kant et al., 2006) . Thellungiella shares similar morphology and sequence identity with Arabidopsis thus allowing for the utilization of Arabidopsis genetic information to investigate Thellungiella responses to stress (Inan et al., 2004 , Taji et al., 2004 , Wong et al., 2005 . Several ecotypes of Thellungiella have been collected from Central Asia and North America, indicating the genetic diversity of this plant species (http://www.Thellungiella.org/). Until now, research on two ecotypes has been reported.
The Shandong ecotype is native to the high-salinity coastal areas of the Shandong province in northeast China (Inan et al., 2004) . The Yukon ecotype was isolated from saline meadows in the Yukon Territories, Canada, a subarctic and semiarid region (Wong et al., 2005 (Wong et al., , 2006 . Both Shandong and Yukon ecotypes originate from extreme climatic conditions, and have been reported to be tolerant to salinity, drought and/ or cold stresses (Inan et al., 2004; Kant et al., 2006; Volkov and Amtmann, 2006; Wong et al., 2006; Griffith et al., 2007) . Interestingly, analysis of soil samples from the region where the Yukon ecotype grows wild shows a very low nitrogen (<1 mM) status of the soil (E.
Weretilnyk, unpublished data). This is in contrast to the typical nitrogen concentration in agricultural soils which ranges from 1-10 mM (Crawford and Forde, 2002 Thellungiella has a higher tolerance than Arabidopsis to low external nitrogen supply. This is accompanied by a variety of changes in the expression of key genes involved in nitrate uptake and assimilation and a change in altered metabolic status.
RESULTS

Thellungiella Exhibits Better Growth than Arabidopsis under Limiting Nitrogen
Conditions
Thellungiella and Arabidopsis plants were grown in a perlite and soil mixture to allow easy harvesting of roots. This medium was favored over a hydroponics system because root physiology can differ in hydroponics compared to soil-grown plants (Gibeaut et al., 1997) .
Moreover, a soil-based medium is closer to natural growth conditions. Among the two inorganic forms of nitrogen taken up by plants i.e. nitrate and ammonium, nitrate is the main nitrogen source in most aerated agricultural soils (Crowford and Forde, 2002) . We therefore used nitrate-N for all experiments. Thellungiella ecotypes showed an approximate 22% decrease in FW compared to control while Arabidopsis showed a 48% drop in FW (Fig. 1B) . Under severe N-limitation, Thellungiella and Arabidopsis displayed a 53% and 75% reduction in FW, respectively.
Thellungiella plants also exhibited less of a reduction in leaf number under N-limiting conditions than Arabidopsis (data not shown). Furthermore, Arabidopsis could not complete its life cycle under severe N-limitation whereas Thellungiella plants were still able to produce viable seeds (data not shown).
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The appearance of anthocyanins is often used as a marker of stress. Figure 1C shows that under control conditions, both species contained low levels of anthocyanins.
When plants were subjected to mild N-limitation, anthocyanin levels rose 6-fold in
Arabidopsis but remained at control levels in Thellungiella. Under severe N-limitation, anthocyanin content in Arabidopsis increased to 15-fold that of control plants whereas in Thellungiella, anthocyanin content only increased by 3-fold.
Since lateral root proliferation is reduced and shoots are stunted when seedlings are grown in media containing a high sucrose to nitrate ratio (Malamy and Ryan, 2001), we examined whether N-limitation differentially affected root growth in the two species.
Seedlings were grown on vertical plates containing nutrient agar supplemented with 2% sucrose and nitrate levels ranging from 0.05 to 1 mM KNO 3 . Figure 2A shows that Arabidopsis exhibited a 1.8-fold and 2.6-fold drop in total N-content, respectively, whereas Thellungiella only showed a 1.2-fold and 1.5-fold decrease, respectively (Fig. 3A) . Similar results were obtained for roots although the difference in total N-content between Arabidopsis and Thellungiella was less than in shoots (Fig. 3B) . The results showing greater N-content in Thellungiella under N-limiting conditions was reflected in the total free nitrate content of shoots in the two species. For instance, whereas Arabidopsis displayed an 18-fold drop in free nitrate content under severe N-limitation, Thellungiella only exhibited a 6-fold decrease (Fig. 3C) . Similar results for free nitrate content were observed in roots under severe N-limitation, again with a smaller difference between the two species than in shoots (Fig. 3D ). Arabidopsis at low levels of NO 3 -in the growth medium.
Nitrogen assimilation requires the use of large amounts of organic acids from photosynthesis to incorporate inorganic nitrogen into amino acids. Nitrogen deficiency alters the source-sink balance of plants with a lower percentage of carbon skeletons used for nitrogen assimilation meaning that more of this carbon is diverted to starch production.
Therefore, increased starch accumulation and decreased nitrogenous metabolite levels occur in plants supplied with lower nitrogen (Paul and Driscoll, 1997) . In Arabidopsis shoots, amino acid levels were reduced by 46% and 61% under mild and severe N-limitation, respectively, compared to control N-levels whereas there was only a 15% and 32% drop occurred in Thellungiella shoots (Fig. 3E) . A similar trend was observed in roots, although roots had overall lower amino acid levels than shoots (Fig. 3F ). Thellungiella also displayed higher shoot total soluble protein content under severe N-limitation than Arabidopsis (Fig. 3G ). These results suggest that under N-limiting conditions, Thellungiella has a higher capacity for nitrate assimilation than Arabidopsis. Figure 3H shows that under N-limiting conditions, particularly severe N-limitation, Arabidopsis accumulated up to twice the amount of starch than in Thellungiella suggesting that in Arabidopsis more carbon skeletons are diverted to storage products such as starch instead of to nitrate assimilation. The trend of higher nitrogenous metabolites and lower starch levels under limited nitrogen in Thellungiella was reflected in a lower carbon to nitrogen (C/N) ratio, where the increase in the C/N ratio under N-limitation was lower in
Thellungiella shoots compared to Arabidopsis (Fig. 3I ).
To further investigate differences in the carbohydrate and nitrogen metabolism of the two species, we examined their metabolic profiles. Table I (Fig. 3H ).
Higher Nitrogen Assimilation in Thellungiella is Mediated by Maintenance of Nitrogen Assimilation Enzyme Activity
Higher assimilation of nitrogen in Thellungiella might imply differences in the activity of nitrogen assimilation enzymes between the two species. To test this hypothesis, the activities of nitrate reductase (NR) and of glutamine synthetase (GS) via which nitrogen is assimilated into amino acids (Crawford, 1995; Stitt, 1999) were measured. Figures 5A and 5B show that in Arabidopsis shoots and roots, NR activity decreased by approximately 3.7-fold and 3.4-fold, respectively, under severe N-limitation compared to control conditions.
In contrast, NR activity in Thellungiella shoots and roots was maintained at all levels of nitrate supply. On the other hand, there was little difference in the response of GS activity to N-limitation between the two species (Figs. 5C and 5D). However, there are several isoforms of GS in plants that have non-overlapping functions (Edwards et al. 1990; Coruzzi and Last, 2000) and measurement of total GS activity is likely to mask any isoform-specific differences.
To further investigate differences in nitrate assimilation enzymes, Arabidopsis cDNA sequences were used to prepare primers for real-time PCR analysis of shoot and root expression of Arabidopsis and Thellungiella genes encoding NR and GS isoforms. PCR products amplified by the gene-specific primers were sequenced and the Arabidopsis and Thellungiella orthologs shown to have 80% to 100% sequence identity (Supplemental Table S1 ) and also shown to produce single product-specific peak from dissociation curves (data not shown). Arabidopsis has two NR genes, NR1 (Nia1) and NR2 (Nia2), with the latter one responsible for 90% of the total NR activity in Arabidopsis (Yu et al., 1998; Wilkinson and Crawford, 1991) . Figures 6A and 6B show that Arabidopsis NR2 expression in both shoots and roots decreased with greater N-limitation whereas Thellungiella maintained NR2 gene expression at all levels of nitrate supply. These results correlate well with our analysis of NR enzyme activity in the two species (Figs. 5A and 5B).
The GS enzyme activity is encoded by (i) cytosolic GS1 (Gln1) that comprises five isoforms, GS1.1 to GS1.5 and is predominantly expressed in roots; (ii) chloroplastic GS2 (Gln2) that is targeted to both chloroplasts and mitochondria and is expressed more strongly in shoots (Cren and Hirel, 1999; Taira et al., 2004 .1 rose by only 1.5-fold, Thellungiella GS1.1 increased almost 3-fold in response to Nlimiting conditions (Fig. 6C) . Moreover, when plants grown under mild N-limitation were switched to 4 mM nitrate for 2 hours (N-induction), Thellungiella shoot GS1.1 expression exhibited a further increase in expression whereas in Arabidopsis little change in GS1.1 expression was observed. No differences were found in root GS1.1 expression between the two species (Fig. 6D) . GS1.3 and GS1.4 expression showed similar results to GS1.1 expression in shoots and roots of both species (data not shown). GS2 expression displayed no difference between Arabidopsis and Thellungiella in shoots (Fig. 6E) . In roots, however, Arabidopsis GS2 expression decreased under N-limiting conditions whereas it was maintained in Thellungiella (Fig. 6F) . The GS expression analysis suggests that there may be isoform-specific differences in GS activity between Arabidopsis and Thellungiella that is masked when measuring total GS activity. However, for transcript copy numbers of GS1 and GS2 under control N-sufficient conditions, we observed contrasting differences between the two species (Table II) . In shoots, Thellungiella had lower transcript copies of GS1.1 and GS2 than Arabidopsis, but in roots, Thellungiella had a higher number of transcripts of these genes compared to Arabidopsis. This trend correlates with tissuespecific GS enzyme activity which was higher in Arabidopsis shoots than roots whereas the opposite was observed in Thellungiella, with higher GS activity in roots than shoots (Figs.
5C and 5D).
Comparative Analysis of Expression of Nitrate Transporter and Other Related Genes in Thellungiella and Arabidopsis
In Arabidopsis, there are two types of nitrate transporters; NRT1 and NRT2, with 53 NRT1 and 7 NRT2 genes identified (Miller et al., 2007; Tsay et al., 2007) . However, two of the NRT1 genes, NRT1.1 (CHL1) and NRT1.2 and two of NRT2 genes, NRT2.1 and NRT2.2, are known to be involved in nitrate uptake from external media. NRT2 proteins are highaffinity nitrate transporters while most of the NRT1 family members are low-affinity nitrate transporters, except NRT1.1 which is a dual-affinity nitrate transporter (Wang et al., 1998; Liu et al., 1999; Miller et al., 2007; Tsay et al., 2007) . Among NRT1 and NRT2 nitrate transporters, NRT1.1 and NRT2.1 genes are well characterized and known to play a vital role in nitrate uptake (Okamoto et al., 2003; Li et al., 2007 (Table II) . Arabidopsis shoots had 2-fold higher NRT1.1 transcript levels than roots while the reverse trend was observed in Thellungiella, with roots showing higher transcript levels than in shoots.
Expression of the high affinity nitrate transport gene NRT2.1 remained virtually unchanged in shoots of both species under different stable nitrate levels, while nitrate induction (1 mM to 4 mM nitrate) and reduction (4 mM to 1 mM nitrate) treatments led to up-regulation of NRT2.1 expression (Figs. 6I and 6J) . This suggests that a swift change in N status (by either increased or decreased nitrate levels) leads to increased accumulation of NRT2.1 transcripts. In Arabidopsis roots, expression of NRT2.1 was unchanged under stable nitrate levels, whereas, nitrate induction and reduction treatments led to ~4-fold and 2.5-fold up-regulation compared to control, respectively. However, in Thellungiella roots, the up-regulation of NRT2.1 at 0.4 mM nitrate was ~2-fold, and nitrate induction and reduction led to up-regulation by ~6-fold and 3.5-fold over control, respectively. NRT2.1 needs to be co-expressed with another protein, NRT3.1 (NAR2) to mediate nitrate transport activity. Although NRT3.1 itself has no known transport activity, it is an essential component of high-affinity nitrate transport (Okamoto et al., 2006; Orsel et al., 2006; Miller et al., 2007) . In the present study, expression of NRT3.1 in Arabidopsis tissues was not changed by stable low nitrate levels. However its expression increased by ~2-fold with nitrate induction treatment. In Thellungiella shoots and roots, expression of NRT3.1 increased by 2.5-fold and 1.9-fold, respectively, when comparing severe N-limitation with control. Nitrate induction treatment in Thellungiella tissues led to up-regulation of NRT3.1 expression by ~4-fold (Figs. 6K and 6L ). In addition, Thellungiella shoots and roots had significantly higher basal NRT3.1 transcripts copy numbers than in Arabidopsis (Table II ).
An anion channel nitrate/proton antiporter CLCa mediates nitrate accumulation in plant vacuoles (De Angeli et al., 2006) . However, no differences in CLCa expression between Thellungiella and Arabidopsis were observed; CLCa expression was reduced in shoots and roots of both species under limited nitrogen (data not shown). (Fig. 6O) . However, in Arabidopsis roots its expression was slightly repressed under low nitrate, whereas, in Thellungiella roots NLA expression was slightly induced by low nitrate treatment (Fig. 6P) . The largest contrasting difference was that Thellungiella had 2-fold and 1.6-fold higher basal transcript copy numbers than Arabidopsis in shoots and roots, respectively (Table II) , possibly indicating that Thellungiella has a higher constitutive adaptive response to cope with N-limiting conditions.
DISCUSSION
In the present study, we report that the halophytic Arabidopsis relative, Thellungiella halophila is also tolerant to low N-stress. Growth reduction due to N-limitation was much less in Thellungiella than in Arabidopsis (Figs. 1A, 1B , 2A, 2B and 2C) and under severe N-limitation, only Thellungiella completed its life cycle (data not shown). Moreover, analysis of anthocyanin content, a useful marker of abiotic stress in plants ( BongueBartelsman and Phillips, 1995; Chalker-Scott, 1999; Peng et al., 2007a) , suggested that Arabidopsis was far more sensitive to even mild N-limitation than Thellungiella (Fig. 1C) .
A low nitrogen supply generally leads to a reduction in photosynthesis, lower root growth, suppression of lateral root initiation, early leaf senescence and an increase in the C/N ratio in plants (Paul and Driscoll, 1997; Malamy and Ryan, 2001; Martin, 2002; Malamy, 2005; Wingler et al., 2006; Zhang et al., 2007) . However, suppression of lateral roots was comparatively lower in Thellungiella than in Arabidopsis when grown on high sucrose to nitrate medium (Fig. 2C) and Thellungiella also displayed a lower increase in C/N ratio than was observed in Arabidopsis under N-limitation (Fig. 3I ). This N-stress tolerant phenotype of Thellungiella is consistent with the prevailing conditions in its native habitat where soil N-levels are low (E. Weretilnyk, unpublished data). Furthermore the high salt levels in these soils could exacerbate N-limiting conditions since Na + ions can compete with nutrients for root uptake sites (Sagi et al., 1997).
We were able to demonstrate that under N-limiting conditions, Thellungiella contained higher free nitrate levels (Figs. 3C and 3D) which could be ascribed to higher nitrate uptake (Fig. 4) . To some extent, the higher nitrate uptake capacity of Thellungiella could be correlated with differences in expression of nitrate transporter genes between Thellungiella and Arabidopsis. For instance, NRT1.1 expression was repressed to a lesser degree in Thellungiella roots than in Arabidopsis roots by N-limitation (Fig. 6H) , while upregulation of NRT2.1 expression by low nitrate and nitrate induction treatment was higher in Thellungiella roots than in Arabidopsis (Fig. 6J) Fig. 6C ; data not shown) and the basal level of Thellungiella root GS1.1 transcript accumulation was higher, than in Arabidopsis (Table II) . Under N-limitation, Thellungiella root GS2 expression was maintained at control levels whereas it decreased in Arabidopsis (Fig. 6F) . Moreover, basal levels of root GS2 transcript accumulation were also higher in Thellungiella (Table II) . As with nitrate transporter gene expression, it is not clear how these isoform-specific and tissue-specific differences in GS expression contribute to higher nitrate assimilation in Thellungiella under N-limitation. However, the fact that there is a little or no speciesspecific difference in shoot GS2 expression suggests that it may be important to maintain plastidic GS2 activity even in N-stressed Arabidopsis where there is a decrease in nitrate assimilation. Since protein breakdown occurs under N-stress (Coruzzi, 2003; Bi et al., 2007) , plastidic GS2 activity could be vital for re-assimilation of ammonia in the GS/GOGAT cycle. On the other hand, the increased induction of expression of shoot cytosolic GS1 isoforms by N-limitation in Thellungiella would be important in maintaining primary nitrate assimilation.
GS1.4 expression was induced to a greater extent by N-limitation (
Assimilation of nitrate into amino acids not only depends upon a supply of nitrogen but also upon the availability of carbon skeletons. The fact that Arabidopsis exhibited reduced nitrate uptake and assimilation compared to Thellungiella would suggest a reduced demand for carbon skeletons for generation of amino acids. This reduced demand was reflected in the use of carbon to produce the higher starch levels and the concomitant increase in C/N ratio observed in Arabidopsis (Figs. 3H and 3I ). Conversely, for
Thellungiella to maintain higher levels of nitrate assimilation under N-limitation, carbon skeletons would have to be supplied. Our metabolite analysis suggested that these carbon skeletons are supplied via a large increase in the malate pool in Thellungiella (Table I) presumably allowing an increase in the generation of oxaloacetate for amino acid synthesis (Coruzzi and Last, 2000; Siedow and Day, 2000) . On the other hand, continuous export of oxaloacetate for nitrate assimilation could eventually lead to a deficiency in citric acid intermediates such as the reduced accumulation of fumarate ( can be transported back into the mitochondria providing anaplerotic replenishment of citric acid intermediates (Dennis and Blakeley, 2000; Siedow and Day, 2000) . Both glucose and fructose displayed greater accumulation in Thellungiella than Arabidopsis suggesting that these two sugars may also be involved in the increased production of malate observed in Thellungiella. Glucose and fructose are derived from sucrose yet sucrose accumulation did not differ greatly between the two species (Table I) . This suggests that in order to maintain sucrose pools while at the same time accumulating more glucose and fructose, Thellungiella would need to generate more sucrose via photosynthesis than Arabidopsis. The possibility of a higher level of photosynthesis in Thellungiella under N-limitation is supported by (i) a higher level of growth of Thellungiella (Fig. 1) ; (ii) a higher leaf number in Thellungiella (data not shown); (iii) the ability of Thellungiella to maintain green leaves and cotyledons while Arabidopsis produced cotyledons that bleached indicating low Nmediated damage to the photosynthetic machinery (Fig. 2 ).
In conclusion, our physiological, biochemical and gene expression analyses suggest Until now, Thellungiella has been suggested as an Arabidopsis Relative Model System for investigating natural tolerance to salt stress (Inan et al., 2004) since it has all the attributes of a model plant system including short life cycle, relatively small genome, copious seed production and ease of transformation with foreign genes. We propose that Thellungiella would be equally useful for studying the mechanisms of natural low Ntolerance. The ongoing sequencing of the Thellungiella genome, production of BAC and cDNA libraries, and generation of EST and T-DNA insertion collections will further enhance the power of the Thellungiella system for identifying key components governing N-utilization under low nitrogen conditions.
MATERIALS AND METHODS
Plant Material and Growth Conditions
Thellungiella halophila (Shandong and Yukon ecotypes) and Arabidopsis thaliana, 
Biochemical Analyses
Frozen shoot and root tissue was used for the following biochemical assays. Nitrate content was analyzed by colorimetric assay according to Cataldo et al. (1975) . Percentage of total nitrogen and total carbon in the dried tissues were measured by the Micro-Dumas combustion analysis method using a Carlo Erba NA1500 C/N analyzer, (Carlo Erba Strumentazione, Milan, Italy). Total amino acids were extracted successively with 80%, 50% and 0% ethanol in 10 mM HEPES-KOH (pH 7.4), supernatants were pooled and total amino acids were assayed according to Rosen (1957) . Total soluble protein was extracted with buffer containing 100 mM HEPES-KOH, pH 7.5, and 0.1% Triton X-100 and assayed using the Bio-Rad protein assay kit (Bio-Rad, http://www.biorad.com). Starch was extracted according to Delatte et al. (2005) , and quantified using a commercial total starch assay kit (Megazyme, http://www.megazyme.com). Relative anthocyanin content was analyzed based on Neff and Chory (1998).
Nitrate Reductase (NR) and Glutamine Synthetase (GS) Enzyme Activity
NR activity was measured according to Yu et al. (1998) with slight modifications. In brief, the frozen tissue was homogenized in extraction buffer containing 100 mM K 2 PO 4 (pH 7.5), 1 mM EDTA, 5 mM DTT, 0.5 mM PMSF, 1 µM Na 2 MoO 4 , 5 µM FAD and protease inhibitor tablet (Roche Diagnostics Gmbh, Mannheim, Germany). Extracts were centrifuged at 10,000g for 10 minutes. An aliquot of supernatant was incubated with reaction buffer (50 mM K 2 PO 4 , pH 7.5, 40 mM KNO 3 , and 0.2 mM NADH) for 30 min at room temperature. The reaction was terminated by adding 1% sulfanilamide in 3N HCl.
0.02% N-naphthylethylenediamine dihydrochloride was added and NO 2 -content was measured spectrophotometrically at A 540 .
GS activity was determined by transferase reaction, which measures the formation of γ -glutamyl hydroxymate (GHD), as described by Shapiro and Stadtman (1970) . Tissue was homogenized in extraction buffer (100 mM Tris, pH 7.5, 10 mM MgCl 2 , 10% glycerol, 5 mM DTT, 0.05% Tritron-X-100, 1 mM PMSF and protease inhibitor tablet). Extracts were centrifuged at 10,000g for 10 minutes and supernatant was incubated with reaction buffer (100 mM HEPES, pH 7.0, 60 mM L-glutamine, 45 mM potassium arsenate, 5 mM 
Metabolite Analysis
Shoots (50 mg fresh weight) from seedlings employed in the root study were used for metabolite analysis essentially according to Fiehn et al. (2000) . Ribitol was added as an internal standard to the samples during extraction and extracts were separated into polar (methanol/water) and apolar/lipid (chloroform) phases. Polar fractions were vacuum-dried and derivatized. The derivatized samples were diluted 10-fold with hexane and then 1µL was injected into the splitless injection port of a TRACE DSQ GC/MS system (Thermo Finnigan, Austin, TX). Chromatography was performed using a 30 m x 0.25 mm Rtx®-5MS column (Chromatographic specialties, Brockville, ON). For each run the GC oven was set at 50°C initial temperature which was held for 2.5 minutes then increased at 7.5°C/min to 70°C and finally increased at 5°C/min to 310°C where it was held for 6 min.
The injection temperature was 230ºC, and the ion source was kept at 200ºC. Mass spectra were recorded at three scans per second with an m/z 50 -650 scanning range. The data analysis was performed using the automated mass spectral deconvolution and identification system (AMDIS) software (http://chemdata.nist.gov/mass-spc/amdis).
Expression Analysis by Quantitative Real-Time PCR
Total RNA was isolated from shoot and root tissue using TRIZOL reagent (Invitrogen, Carlsbad, CA, USA). To eliminate any residual genomic DNA, total RNA was treated with RQ1 RNase-free DNase (Promega, Madison, WI, USA). The first strand cDNA was synthesized from total RNA by using the Reverse Transcription System kit (Promega).
Since Thellungiella expressed sequence tags (ESTs) exhibit up to 95% identity with Arabidopsis cDNA sequences (Taji et al., 2004; Wang et al., 2004; Wong et al., 2005) , the Arabidopsis cDNA sequences from GenBank (http://www.ncbi.nlm.nih.gov/) were used to design primers for real-time PCR measurement of gene expression in both species (Kant et al., 2006) . Primer Express 2.0 software (Applied Biosystems, Forster City, CA, USA) was used to design the primers. The PCR products of Thellungiella for each orthologous gene were examined for a similar size as amplified from the respective Arabidopsis gene primers and sequenced to ensure they encoded the expected gene product. Primer sequences for each gene are given in Supplemental Table S2 . Real-time PCR was performed according to Kant et al. (2006) The slope and intercept of standard curve and threshold cycle (C T ) of gene were used to calculate transcript copy number for each respective gene.
Statistics
The results shown are representative of three independent experiments and within each experiment treatments were replicated three times, unless otherwise stated. Data were statistically analyzed by Fisher's protected LSD test using SAS statistical software (SAS Institute, Inc., NC). Table S1 . Comparison of the partial sequences of genes in Arabidopsis and Thellungiella. Table S2 . Primers used for real-time PCR analysis of gene expression.
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